Since the observation of an intense visible light emission in porous Si, a great number of studies have been performed on silicon and its alloys for their potential optoelectronic and display applications and in order to understand the physical mechanism involved in the photoluminescence ͑PL͒ phenomenon. Several models have been proposed to explain the light emission such as oxygen defects, 1,2 siloxene species, 3 amorphous Si ͑Ref. 4͒ or quantum confinement. 5 Most of these models come from studies on Si-based materials containing oxygen like a-SiO x films, 6 Si nanoclusters in SiO 2 ,
7
Si/SiO 2 multilayers 8 in which the role of oxygen cannot be neglected. There are very few studies of oxygen-free materials like pure SiC ͑Ref. 9͒ or SiN which could also give complementary information on the PL mechanisms. Hydrogenated amorphous silicon nitride (a-SiN x :H) films are generally prepared by chemical vapor deposition and exhibit either visible PL at low temperature [10] [11] [12] or PL at room temperature but in the ultraviolet ͑UV͒ domain. 13 The few other studies of PL in a-SiN x :H have shown visible PL at room temperature but after annealing treatments. 14, 15 The purpose of this letter is to show that it is possible to observe intense visible PL at room temperature in as-deposited films without any posttreatment and to clarify the role of hydrogen.
The a-SiN x :H thin films were prepared by an ion-beamassisted evaporation technique. Silicon was evaporated from an electron beam gun under the flow of nitrogen and hydrogen ions provided by an electron cyclotron resonance plasma source. Samples of different composition were prepared by varying the ratio of N 2 and H 2 in the gaseous mixture. The gaseous flow was regulated by maintaining the total pressure in the evaporation chamber at 2ϫ10 Ϫ5 Torr. The deposition rate was equal to 1 Å/s. Films were deposited on silicon and fused silica substrates maintained at 100°C. Different nitrogen-hydrogen gaseous mixtures were used with a nitrogen percentage p. Chemical bonds were studied with Fourier-transform infrared spectroscopy ͑FTIR͒. Spectra were performed with a Nicolet 460 Fourier-transform spectrometer with a resolution of 4 cm Ϫ1 . The FTIR spectra were all background subtracted. The optical transmission measurements were performed in the range 190-3300 nm by a Varian Cary 5 ultraviolet-visible-near infrared ͑UV-Vis-NIR͒ spectrophotometer. PL measurements were carried out with a multichannel Jobin Yvon T64000 Raman spectrometer equipped with a 300 grooves/mm grating. The detector was a charge coupled device camera cooled at 140 K. The 488 nm excitation light source was emitted from a Spectra Physics argon laser.
The values of the optical gap E g are represented in Fig.  1 . These values are derived from the Tauc relation 16 using optical transmission experiments results. The Tauc gap of the sample prepared with little nitrogen (pϭ8%) is equal to 1.96 eV. With increasing nitrogen concentration up to p ϭ50%, the gap slightly increases up to 2.16 eV. For higher nitrogen concentration (pϾ50%), E g decreases rapidly and is equal to 1.4 eV for the unhydrogenated film. stretching mode and the N-H stretching mode. [17] [18] [19] The shoulders at 1020 and 1150 cm Ϫ1 are due to the Si-N bond with an hydrogen atom back bonded to the silicon atom and to the N-H rocking vibration, respectively. 20 The evolution of each band with p is discussed in relation with the Si-N, Si-H, and N-H bond densities. The number of bonds is determined by integrating the different stretching absorption bands using the formula A͐ ␣()/d, were , ␣(), and A are the wave number, the absorption coefficient, and a calibration factor, respectively. A is equal to 6.3 ϫ10 18 cm Ϫ2 , 9.2ϫ10 19 cm Ϫ2 , 2.8ϫ10 20 cm Ϫ2 for the Si-N, Si-H, and N-H stretching bands, respectively. 17 The bond densities ͑Fig. 3͒ were obtained by dividing the number of bonds by the film thickness which was determined by fitting the UV-Vis-NIR transmission spectra. 21 As p increases, the number of Si-H bonds decreases and is equal to zero for the sample prepared with pϭ100%. In the same time, the Si-H stretching band shifts towards higher wave numbers indicating that an increasing number of nitrogen atoms are back bonded to the silicon one. For increasing p values, the number of N-H bonds increases with a maximum obtained for pϭ50%, and then decreases to zero. The Si-N bonds number continuously increases with p.
The PL spectra of the a-SiN x :H films are compared in Fig. 4 . The film with pϭ8% exhibits the PL phenomenon with an energy at the maximum E PL ϭ1.65 eV. As more nitrogen is incorporated in the film, the PL intensity increases rapidly with a maximum for the sample prepared with p ϭ50%. There is an improvement of the PL intensities with a shift of E PL up to 1.78 eV. For pϭ60%, the PL intensity decreases and the PL energy remains equal to 1.78 eV. For p greater than 60%, the PL disappears.
The different stages of the PL evolution could be explained thanks to the infrared absorption and optical gap measurements. The infrared mode at 630 cm Ϫ1 indicates the presence of nitrogen-free hydrogenated-silicon region. Raman spectra ͑not shown here͒ also exhibit a strong band at 480 cm Ϫ1 which is characteristic of amorphous silicon. These results allow one to assume that the films contain amorphous hydrogenated-silicon domains embedded in a silicon nitride matrix. The silicon nitride optical gap is greater than the hydrogenated-silicon one which involves the carriers confinement in the silicon clusters and allows the PL to be observed in our films. For the film prepared with pϭ8%, the PL intensity is low and the Tauc gap equal to 1.96 eV. This low value suggests that the film contains a lot of silicon dangling bonds. Those dangling bonds probably act as nonradiative defects and limit the PL efficiency. Moreover, it can be thought that the size of the silicon domain is too large to present the confinement effect. For higher p values up to 50%, the Tauc gap increases. This improvement of the Tauc gap can be attributed both to the greater nitrogen concentration of the silicon nitride matrix and to the more efficient passivation of the silicon dangling bonds. Hence, the PL intensity continuously increases which is explained by a greater silicon-domain-number and by a decrease of the defects. A PL blueshift is also observed for increasing p. The number of Si-N bonds is an increasing function of p as seen in Fig. 3 . The Si-N regions become more extended and surround a-Si clusters which are more numerous but smaller. The blueshift in E PL could be explained by the decrease of the silicon domain size. For pϾ50%, the PL intensity decreases and is equal to zero for p higher than 60%. This decrease is correlated to the Tauc gap diminution down to 1.4 eV. This evolution of the PL intensity and of the Tauc gap energy can be attributed to the increasing number of dangling bonds induced by the low number of Si-H bonds. There is not enough hydrogen in the mixture so as to passivate all the dangling bonds. For the unhydrogenated sample, the PL phenomenon does not exist in as-deposited film. However, it has been shown that annealing treatments improved the structure and diminished the nonradiative defects number which allows to obtain the PL phenomenon. 15 As a conclusion, a-SiN x :H materials emitting visible light at room temperature and without any annealing treatment have been prepared. Thanks to structural and optical investigations, it can be assumed that the PL phenomenon is due to the confinement of a-Si clusters in a silicon nitride matrix. The role of hydrogen is of prime importance because it enables to passivate the silicon dangling bonds and to limit the nonradiative defects number.
